Neisseria meningitidis colonizes the upper respiratory tract (URT), enters the blood stream, and reaches the cerebrospinal fluid (CSF). In the present study, we show that bacteria isolated from the URT adhere better to human epithelial cells, compared with bacteria from blood or CSF, which suggests that important changes of virulence-associated proteins take place during bacterial dissemination. Phase variation in the pilus adhesin PilC and sequence variation in the pilus subunit PilE occurred among strains from 1 patient. Changes were not found in the invasion-associated opacity proteins or in lipooligosaccharides. PilC was frequently expressed in serogroup B strains and in URT strains but was often switched off in other serogroups and in CSF strains. Strains lacking PilC showed impaired adhesion to epithelial cells. These data argue that N. meningitidis undergoes PilC phase variation and PilE sequence variation during invasive disease.
Meningococci are divided into several serogroups, depending on their capsular polysaccharide antigens. In Western countries, serogroup B causes most of the severe cases of meningococcal meningitis and sepsis, whereas, in Africa, the most common serogroups causing outbreaks are serogroups A, C, and W-135 [1] [2] [3] . It has been shown that N. meningitidis isolated from blood and CSF of patients with invasive meningococcal diseases almost always express capsules of serogroups A, B, C, Y, or W-135 [3] .
A key factor in neisserial pathogenesis is the ability of the bacteria to attach to human host cell receptors. Colonization of host surfaces proceeds in 2 steps: (1) initial adhesion that anchors the bacteria to target cells and (2) tight adhesion that brings the bacteria close to the host cells. The initial attachment is mediated by type IV pili, which are long hairlike structures that extend from the bacterial cell surface [4] . Pili recognize CD46, a cell surface glycoprotein that protects the cell from attack by the complement system [5, 6] . Type IV pili of Neisseria species establish a critical link in communication between bacteria and target cells during the initial stage of infection [7, 8] . Each pilus is composed of thousands of interactive major 18-20-kDa PilE sub-unit proteins and a few copies of pilus-associated proteins, such as PilC and PilV [9] [10] [11] . Adherence to epithelial cells is dependent on expression of PilC and PilV and is modulated by sequence variation in PilE [12] [13] [14] [15] [16] [17] [18] [19] . PilV seems to function in bacterial adherence by promoting the functional display of PilC in the pilus fiber [11, 20] . PilC is required for pilus assembly and for pilus-mediated adherence and acts as an adhesin at the tip of the pilus [9, 10, 21] . The protein also is surface exposed and localized in the membranes of both piliated and nonpiliated Neisseria species [22] . PilC expression can be turned on and off by frameshift mutations in a poly-G tract within the signal peptide coding region [9] . Most strains carry 2 homologous, but not identical, pilC loci (pilC1 and pilC2), which are composed of both variable and conserved regions [23] . In earlier studies, it was demonstrated that PilC1, but not PilC2, mediates adherence [14, 22] and that the adhesive property of meningococcal PilC1 correlates with the conformational structure of the N-terminal region [24] .
Colonization of epithelial cells by pathogenic Neisseria species is followed by tight interaction between host cell receptors and the bacterial membrane, which can lead to uptake of the bacterium and invasion of the host cell. The opacity (Opa) proteins are a family of invasion-associated outer membrane proteins that bind to CEACAM [25] [26] [27] [28] or heparan-sulfate proteoglycan receptors on human cells [29, 30] . Invasion of piliated or Opa-expressing Neisseria species into epithelial cells involves cytoskeletal rearrangements [31, 32] . Several recent studies have shown that lipooligosaccharides (LOSs) of Neisseria species also are important for invasion into epithelial cells. In the absence of detectable Opa proteins, the lacto-N-neotetraose of LOSs is required for invasion, but not for adherence, of N. gonorrhoeae into ME180 cells [19] . LOS-deficient N. meningitidis still express pili and PilC but do not adhere to or invade human epithelial cells [33] .
The mechanism of pathogenesis of invasive infection remains unclear. It is possible that the bacteria use different strategies during the first mucosal colonization, compared with that in the subsequent later invasive stage. In the present study, we examine whether meningococci present at the mucosal surface differ phenotypically from those present in blood or CSF during invasive disease. Do the bacteria undergo switch(es) in expression of virulence-associated proteins? Twenty-four meningococcal strains isolated from the upper respiratory tract (URT), blood, and CSF from 8 patients were examined for genotypic and phenotypic differences, such as adherence to target cells and expression of adherence/invasion-associated proteins.
MATERIALS AND METHODS

Bacteria strains.
Bacteria were cultivated from the URT, blood, and CSF from 8 patients with meningitis or septicemia.
The primary cultures were frozen and kept as stocks for further analysis. N. meningitidis strains were grown on GC II agar base (Difco) with Kellogg's supplement [34] at 37Њ C in 5% CO 2 and were passaged every 18-20 h. Strains were passaged by randomly streaking many colonies from the growth agar plate. The identification of these strains as N. meningitidis, as well as the techniques used for determining serogroup, serotype, and additional characteristics of the strains, have been described elsewhere [35] . The 24 strains examined in this study are described in table 1. JB515 (serogroup W-135) and its pilE mutant (JB515.P) have been described elsewhere [22] .
Cell lines and cell cultures. All culture media were supplemented with 10% inactivated fetal bovine serum (FBS) and 2 mmol l-glutamine. ME180 (ATCC HTB33), an epithelial-like human cell line from cervical carcinoma, was cultivated in McCoy's 5A medium. FaDu (ATCC HTB 43), an epithelial-like human pharynx cell line from cell carcinoma, and Hep-2 (ATCC CCL 23), an epithelial-like human larynx cell line from epidermoid carcinoma, were both maintained in Dulbecco's modified Eagle medium. Cells were incubated at 37ЊC in 5% CO 2 and occasionally were grown in penicillin/streptomycin (PEST) containing medium to prevent contamination. All experiments were performed without FBS, antibiotics, and l-glutamine. Media and growth supplements were purchased from Life Technologies. Cell culture materials were purchased from COSTAR.
Adherence assays. For adherence assays, cells were grown in 24-well tissue culture plates for 1-2 days until each well was 80%-100% confluent. Monolayers were carefully inspected and washed 3 times in cell-culture medium. Bacteria, grown for 18-20 h, were suspended in prewarmed medium to an OD 600 of 1. Fifty microliters of bacterial suspension and 450 mL of medium were mixed and added to the cells. Binding to cells was allowed for 15 min. The infected cells were washed min, 3 ϫ 5 lysed with 1% saponin for 5 min, serially diluted, and spread onto GC II agar base. The bacteria were grown overnight at 37ЊC in 5% CO 2 , and colony-forming units were counted.
Immunoblotting. Meningococcal strains were harvested from GCB-agar plates in PBS to an OD 600 of 1. Ten microliters of bacterial suspension was analyzed by 10% SDS-polyacrylamide electrophoresis (SDS-PAGE) for the detection of PilC and by 15% SDS-PAGE for the detection of PilE and Opa proteins. All samples were boiled in sample buffer at for 5 min 95ЊC before electrophoresis was performed on a mini-Protean II apparatus (BioRad). Proteins were transferred from the gel onto polyvinylidene difluoride sheets and were identified with polyclonal antiserum. PilC antiserum (diluted 1:5000 in experiments) was generated in a rabbit against the full-length PilC1 of N. meningitidis FAM20. Pili antiserum (diluted 1:5000 in experiments) was produced in rabbits against highly purified pili of FAM20 [22] . Monoclonal antibody 4B12, a gift of Mark Achtman (Max Planck Institute, Berlin, Germany), is specific a Described in [35] . b Generated by inactivation of pilE in JB515 [22] .
for a conserved linear epitope present in all Opa proteins [36] . Overlay with primary antibodies was followed by horseradish peroxidase (HRP)-conjugated goat anti-rabbit antibody (BioRad; diluted 1:10,000) or by HRP-conjugated anti-mouse antibody (Santa Cruz Biotechnology). The filter was finally developed by use of an electrochemiluminescence kit from Amersham-Pharmacia.
Tricine-SDS-PAGE analysis of LOS preparations.
Bacteria strains, grown on GCB-agar plates for 18-20 h, were suspended in 600-mL TE buffer with 0.5% SDS and 12.5 mg/mL proteinase K. The samples were incubated overnight at 65ЊC. A 20-mL sample from each strain was mixed with sample buffer (1:1) and was loaded on tricine SDS-PAGE gels for electrophoresis. LOS bands were visualized by silver staining.
Transmission electron microscopy (TEM).
For TEM, strains of meningococci were grown overnight on GCB-agar plates, suspended in Tris-Mg buffer (10 mmol Tris-HCl [pH 7.4] and 10 mmol MgCl 2 ), and overlaid on 200-mesh carboncoated copper grids for 5 min. The grids were negatively stained with 1% sodium silicotungstate and were examined by use of a Philip 100ϫ microscope.
Pili preparation. Bacteria were suspended in 1 mL and 0.15 mol/L ethanolamine. Pili were sheared off by a vigorous vortex treatment for 3 min and then were centrifuged at 14,000 g at 4ЊC. The supernatant was mixed with 100 mL of ammonium sulfate-saturated ethanolamine and was incubated for 30 min on ice. The samples then were centrifuged, as described above, and the pellet of each strain was resuspended in 60 mL of sample buffer and analyzed by 15% SDS-PAGE.
PilE sequence analysis. Bacteria from a GCB-agar plate were suspended in 500 mL of H 2 O, incubated for 15 min at 95ЊC, and centrifuged. The crude DNA in the supernatant was used to amplify pilE by polymerase chain reaction (PCR) with the following primers: PilE forward, 5 -TTTACCCTTATCGA-GCTGATG-3 ; and PilE reverse, 5 -ACTTACCGCTTGATTTA-TTTA-3 . The 534-bp PCR product was purified by use of the GFX purification kit (Amersham Pharmacia Biotech) and was sequenced by use of the Big Dye Terminator Cycle Sequencing Ready Reaction (Applied Biosystems).
PilC sequence analysis. Genomic DNA was prepared as described elsewhere [12] . The PCRs were performed according to the protocol of Perkin-Elmer Cetus. The 5 end of pilC1 and pilC2 was amplified by PCR with the following primers: 5 -GGACAAAGCCTGATCCTGCC-3 and 5 -TTGCCGTAGGG-CGGCAGGTAGG-3 ; and 5 -CGTGAAGGCAAACTCAAGG-AAT-3 and 5 -TTGCCGTAGGGCGGCAGGTAGG-3 , respectively. PCR products were purified by use of the Jetsorb purification kit (Kebo laboratories). Purified PCR products were sequenced by use of Taq DyeDeoxy terminator for cycle sequencing kit for automated sequencing (Applied Biosystems).
RESULTS
Meningococcal strains from the URT often adhere better to epithelial cells, compared with strains from blood or CSF. N. meningitidis was cultivated from the URT, blood, and CSF from 8 patients with meningococcal disease. To maintain the . In these experiments, the piliated control strain JB515 bound well, whereas JB515.P, a pilE mutant, bound at very low levels. Data are of 3 independent experiments. mean ‫ע‬ SD PilC expression ("+" or "Ϫ") and pilE sequence variation ("YES" or "NO") are from figures 2 and 3. nd, Not defined; +, positive; Ϫ, negative.
population present in the human host and to avoid secondary variations, the complete primary cultures were frozen without further subculturing and were used for all subsequent phenotypic and genotypic analysis. Serotyping of the strains revealed that serogroup, serotype, and serosubtype were identical in strains from 1 patient, strongly supporting that they represent a single meningococcal clone (table 1) . To determine whether there are functional differences among the different strains, we assessed bacterial adherence to the human epithelial cell line ME180 15 min after infection. As shown in figure 1 , adherence varied significantly among strains isolated from 1 patient. In general, URT strains bound better to epithelial cells, compared with blood or CSF strains ( figure 1) ; similar results were obtained with FaDu and Hep-2 cells (data not shown). Taken together, these results show that N. meningitidis alters properties that promote adherence to epithelial cells after spreading from the URT to blood and CSF.
The pilus-associated protein PilC is expressed in most strains but is more often turned off in CSF strains. Because CSF strains bound less to epithelial cells, compared with URT strains, we wanted to identify components that had changed during the passage from the URT to blood and CSF. Initial adherence of bacteria to epithelial cells is mediated by proteinaceous pilus filaments and by the pilus adhesin PilC. To study changes in PilC expression, whole-cell lysates of all strains were separated on SDS-PAGE and were immunoblotted with PilC antiserum. All URT strains of serogroup B (sets 1-5) expressed PilC (figure 2A). PilC was not expressed in the CSF strain of sets 2 and 4 or in the blood strain of set 3. In 2 of the sets (sets 1 and 5), PilC was expressed by all 3 strains. As shown in figure 2B , PilC was often not expressed in serogroup C strains (sets 6 and 7), except in the URT strain of set 7. The serogroup W-135 strain (set 8) did not express PilC. Taken together, PilC was more frequently expressed in URT strains, compared with strains isolated from blood and CSF, which indicates the importance of PilC at the initial binding to host epithelial cells.
PilC expression is turned off by frameshift mutation in the poly-G tract during dissemination in the human body. PilC antiserum does not discriminate between PilC1 and PilC2; therefore, the PilC antigen in the immunoblot could represent PilC1, PilC2, or both. To determine which of the 2 loci was switched off when no expression was noted, we sequenced the pilC genes. Sequencing of the poly-G stretch within both pilC genes con- firmed that the pilC1 allele is out of frame in the PilC-negative strains in immunoblots and in-frame in the PilC-positive strains. As shown in figure 2 , the pilC2 allele is either in a phase-off configuration or was not possible to amplify. In our experience, PilC expression is often stable during cultivation and freezing of different strains. To study PilC stability among the strains in the present study, aliquots were frozen at Ϫ80ЊC, thawed, and restreaked. Immunoblotting showed that all strains retained PilC expression (data not shown), which strongly suggests that the PilC phenotype was stable and probably not a consequence of freezing and thawing or passage on plates of strains. Furthermore, PilC-positive strains were selected from the PilC-negative strains and did not revert to PilC-negative phenotype after freezing and thawing or passage on plates (data not shown). Taken together, these data argue that PilC expression was modulated by frameshift mutation in pilC1 during bacterial spread from the URT to blood and CSF in humans.
Variation in expression of pili and PilE. Strains expressing PilC often, but not always, bound well to epithelial cells 15 min after infection (figure 1). One explanation for the variation in adherence to host cells of PilC-positive strains could be differences in type IV pilus formation. Examination by TEM demonstrated that all strains expressed visible pili. However, it was impossible to quantify the relative amount expressed by each individual strain, because pili were exclusively found in bundles separated from bacteria on the grid. To quantify the amount of pili expressed by each strain, pili were sheared by vortexing, precipitated, and analyzed by SDS-PAGE followed by Coomassie-blue staining. As shown in figure 2 , the URT strains of sets 3, 4, and 7 produced more pilus protein, compared to the blood or CSF strains, whereas pilus expression level was not visibly altered in the other sets (figure 2). To investigate the possibility that variation in adherence was caused by PilE antigenic variation, the pilE gene was sequenced. As shown in figure 3 , pilE was often, but not always, altered among related strains. All strains in set 1 expressed PilC, but the URT and CSF strains carry a large deletion in pilE. In sets 2-4 and 6, pilE varied between strains and then could affect bacterial adhesion to cells. However, in sets 5 and 7, the pilE sequence was identical in the URT, blood, and CSF strains. In set 5, all strains were PilC positive and bound well. Adherence levels of the strains in set 7 confirmed that PilC is most important during initial infection, because the PilC-positive URT strain bound well, whereas the PilC-negative blood and CSF strains bound more poorly. All strains of set 6 lacked PilC and adhered at low levels not influenced by pilE sequence variation. We were unable to amplify the pilE gene from the W-135 strains of set 8. However, these strains lacked PilC and bound at very low levels. Strains cultivated on GCB-agar plates and restreaked over time do not undergo pilE sequence variation [12] ; yet, despite this, pilE sequence variation was common after dissemination of meningococci from the URT to blood and CSF. Therefore, PilC phase variation and pilE sequence changes occur during invasive meningococcal disease. The repertoires of Opa proteins and LOSs are identical in strains from 1 patient independent of site of isolation. To study whether change in Opa protein expression occurs during spread in the human body, we performed immunoblotting of whole-cell extracts using Opa-specific antiserum. All strains expressed у2 Opa proteins. Strains from the URT, blood, and CSF from 1 patient expressed an identical Opa repertoire, with no detectable changes in size and amount ( figure 4) . Furthermore, LOS preparations demonstrated an identical LOS pattern within each set of strains (data not shown). Thus, spread from the URT to blood and CSF did not induce visible changes in Opa protein or LOS expression. It is well established that Opa proteins and LOSs undergo frequent phase variation by frameshift mutations at the 5 end of the opa genes or the LOS biosynthesis genes, respectively. Despite this, the "on-off" switch did not occur in these proteins during invasive meningococcal disease.
DISCUSSION
In the present study, meningococcal strains isolated from the URT, blood, and CSF from 8 patients were examined for phenotypic and genotypic characteristics, such as adherence to target cells, piliation status, and expression of PilC, PilE, Opa proteins, and LOSs. Strains from the URT often bound better to epithelial cells, compared with strains from blood and CSF, which indicates changes in expression of bacterial virulence factors. Among strains isolated from 1 patient, phase variation occurred frequently in PilC but was not detected in Opa proteins and LOSs.
All URT strains of serogroup B expressed PilC, which indicates an important role of this protein during colonization and the first steps of infection. However, 2 set of strains of serogroup C and W-135 lacked detectable PilC expression. The patients from whom these strains were derived may have been carriers for some period of time before disease and, therefore, might have turned off proteins required for the primary initial attachment. Furthermore, the finding that PilC was turned off in 5 CSF strains argues that high levels of PilC are not absolutely required at later steps of disease or that other factors could take the role of PilC. In an earlier study [37] , bacteria isolated from the URT, blood, and CSF from 1 patient with meningococcemia were analyzed for PilC expression. PilC was expressed in the CSF strain but not in the URT and blood strains. In the present study, among 8 sets of strains, PilC was expressed in 6 URT strains, but only in 3 CSF strains. Furthermore, all sets that produced PilC antigen in immunoblots expressed PilC in the URT strain.
The presence of 2 pilC loci (pilC1 and pilC2) may allow for the bacteria to adapt to different environments. In the present study, all strains carried pilC1; however, in 4 sets, we were unable to amplify pilC2 by PCR. It is possible that pilC2 is highly variable in these 4 strains and therefore may not be amplified by the primers or that the strains lack the pilC2 gene copy. Frameshift mutations in the poly-G tract of pilC were identified in 4 sets (sets 2-4 and 7), which indicates that molecular switch in PilC occurs during meningococcal disease. Meningococcal disease has a very rapid progression. The PilC on-off switch in the poly-G tract occurs in vitro at a frequency It has been shown that bundling of pili is a mechanism involved in high adhesiveness by increasing bacteria-bacteria interactions [38, 39] and that pili and pilus-mediated attachment play an important role in the crossing of the BBB [40] . In the present study, TEM revealed that all strains expressed pili. It has been shown that spontaneous PilC-negative strains still produce very small amounts of PilC, which are often not detectable in immunoblots but are sufficient for supporting expression of a few pili [9, 41] . This was confirmed by SDS-PAGE analysis of pili preparations, which also showed that the URT strains of sets 3, 4, and 7 are hyperpiliated, which slightly enhanced adherence of these strains. That all strains expressed pili, regardless of site of isolation, is in agreement with earlier data [37, 42] and strongly suggests that pili are required in the process of survival and spread in the human body.
PilC-negative strains adhered much less, compared with PilCpositive strains, which supports the adhesive role of PilC. Differences in adhesion among PilC-positive strains may be explained by PilE sequence variation. It is known that only a few amino acid changes in PilE can reduce bacterial adherence by several-fold [43] . Among the PilC-positive strains in set 1, the URT and CSF strains carry a large deletion in pilE that possibly explain the weak adherence of these strains, compared with that of the blood strain. The URT and blood strains of set 4 both produce PilC, but the URT strain expresses more pili. It is possible that the altered PilE in the blood strain is less efficiently assembled into pili. In set 5, the strains adhered well to cells, which correlates well with the idea that all strains express PilC and have identical pilE sequences. In set 7, all strains had the identical pilE sequence, but only the URT strain expressed PilC. In this case, it is obvious that the off switch in PilC leads to reduced pilus production in the blood and CSF strain.
The finding that Opa and LOS expression was unaltered during spread from the URT to blood and CSF indicates that Opa and LOS variation are not required for meningococcaldisseminated disease. Adherence of pathogenic Neisseria species is a multifactorial event. A large number of factors are involved in the dynamic interactions that occur when the bacteria establish themselves within the human host. An understanding of how microbes exploit the host environment is crucial to our understanding of the disease process, as are the specific host responses that occur as a consequence of microbial attack.
